Organophosphonate utilization by Escherichia coli requires the 14 cistrons of the phnCDEFGHIJKLMNOP operon, of which the carbonphosphorus lyase has been postulated to consist of the seven polypeptides specified by phnG to phnM. A 5,660-bp DNA fragment encompassing phnGHIJKLM is cloned, followed by expression in E. coli and purification of Phn-polypeptides. PhnG, PhnH, PhnI, PhnJ, and PhnK copurify as a protein complex by ion-exchange, size-exclusion, and affinity chromatography. The five polypeptides also comigrate in native-PAGE. Cross-linking of the purified protein complex reveals a close proximity of PhnG, PhnI, PhnJ, and PhnK, as these subunits disappear concomitant with the formation of large cross-linked protein complexes. Two molecular forms are identified, a major form of molecular mass of approximately 260 kDa, a minor form of approximately 640 kDa. The stoichiometry of the protein complex is suggested to be PhnG 4 H 2 I 2 J 2 K. Deletion of individual phn genes reveals that a strain harboring plasmid-borne phnGHIJ produces a protein complex consisting of PhnG, PhnH, PhnI, and PhnJ, whereas a strain harboring plasmid-borne phnGIJK produces a protein complex consisting of PhnG and PhnI. We conclude that phnGHIJK specify a soluble multisubunit protein complex essential for organophosphonate utilization.
oligomerization | Pho regulon | phosphonic acid C urrently, the Pho regulon of Escherichia coli (i.e., transcription units regulated by the PhoR/PhoB two component system) consists of 31 genes organized in nine transcriptional units (1) , although many more genes have been postulated to be regulated by the phosphate supply and may be ascribed to the Pho regulon in the future (2) . One of the nine transcriptional units is the 14-cistron phnCDEFGHIJKLMNOP operon, which is involved in the catabolism of organophosphonate (Pn), Fig. 1 (3) . Transposon insertion in the phn operon results in two growth phenotypes. Thus, mutants with insertions in phnC, phnD, phnE, phnG, phnH, phnI, phnJ, phnK, phnL, phnM, or phnP are Pn growth deficient, whereas mutants with insertions in phnF, phnN, or phnO are Pn growth proficient (4) . Three of the 14 cistrons (phnCDE) encode an ATP-binding cassette transport system with phnD specifying a periplasmic binding protein for Pn (5) , phnE specifying a membrane spanning transport protein and phnC specifying an ATP-binding component; i.e., an ABC (3). One cistron (phnF) may specify a repressor of phn operon expression, as evaluated by sequence similarity to Mycobacterium smegmatis phnF, which encodes a repressor of the phosphate transport operon phnCDE (6) . Seven cistrons (phnGHIJKLM) have been suggested to specify carbon-phosphorus (CP) lyase, as the formation of methane from methylphosphonate is abolished in strains with mutation in any of these cistrons (4, 7, 8) . However, phnK and phnL appear to encode ABCs. Thus, alignments of the deduced amino acid sequence of phnK or phnL with that of hisP, a particularly well-studied ABC (9) , reveals a conservation of the important sequence motifs of an ABC including the Walker A and B motifs, the C motif as well as the Q and H loops (3, 11) . The reason for three apparent ABCs (PhnC, PhnK, and PhnL) in Pn transport remains to be established. The phnN cistron encodes ribosyl 1,5-bisphosphate phosphokinase (12) , the phnO cistron encodes aminophosphonate N-acetyltransferase (13), whereas phnP encodes phosphoribosyl cyclic phosphodiesterase (14, 15) . Pn degradation by the CP lyase pathway involves a number of intermediates, which presumably are ribose derivatives. A pathway that involves the compounds 5-phosphoribosyl 1-diphosphate, ribosyl 1,5-bisphosphate, 5-phosphoribosyl 1-phosphonate and 5-phosphoribosyl 1,2-cyclic phosphate has been suggested (15) .
Pn is abundant as natural components of lipids, proteins, and carbohydrates (16) . In addition, large amounts of manmade Pn are released to the environment primarily as detergents and herbicides (17) . An important Pn is glyphosate (N-(phosphonomethyl) glycine), the active component of the commercial herbicide Roundup. Microorganisms readily degrade glyphosate either directly by CP lyase to sarcosine and P i or by a different pathway to aminomethylphosphonic acid (AMPA) (18) . AMPA, however, persists in the soil and its further degradation requires CP lyase (19) . Although CP lyase is present in many environmentally important microorganisms, E. coli is an ideal organism to study CP lyase structure and mechanism due to the detailed genetic analysis of the E. coli phn operon (3, 4, 18, 20) . In addition E. coli is proficient for use of AMPA as a phosphate source (21) . Organization and gene products of the 14-cistron phnCDEFGHIJKLM-NOP operon of E. coli K-12 (3, 10) . Transcription occurs from left to right. Each phn cistron is shown as a rectangle above which the cistron is designated in italics. Displacement of a cistron from the previous cistron indicates translational coupling. The function of each gene product is shown below the gene organization. Assignment of phnG to phnM as coding for CP lyase is presumptive (see text for details). The phnE cistron of E. coli K-12 is cryptic due to the presence of an 8-bp duplication, which causes premature termination of translation. The untranslated part of the phnE cistron is shown as a black box. Abbreviations: PRibP, ribosyl 1,5-bisphosphate; PRibcP, 5-phosphoribosyl 1,2-cyclic phosphate.
In the present work we analyzed if any of the polypeptides of the proposed CP lyase interact in vivo. Indeed, five of the polypeptides copurified during several purification steps as a soluble protein complex.
Results
Expression of phnGHIJKLM and Identification of Gene Products. The phnGHIJKLM cistrons were cloned to obtain the plasmid pMN1 as described in Methods. After induction of phn gene expression in strain HO2735 Δphn/pMN1 (phnGHIJKLM), synthesized polypeptides were analyzed by SDS-PAGE. Polypeptides of the eight most prominent bands were identified by tandem mass spectrometry (MS/MS) ( Fig. 2A) . As shown in Table 1 the seven Phnpolypeptides were unequivocally identified as PhnM (Fig. 2A , lane 1, band 1), PhnI (band 2), PhnJ (band 3 and 4), PhnK (band 5), PhnH (band 6), PhnL (band 7), and PhnG (band 8). We therefore conclude that each of the seven phn cistrons of pMN1 was expressed. Interestingly, PhnJ migrated as two distinct bands, which suggested some heterogeneity and possible modification of this polypeptide. Bands 1, 3, 4, and 7 also contained E. coli elongation factor Tu (band 1), outer membrane protein C and F (band 3), outer membrane protein A and P (band 4), or ribosomal protein L3 (band 7).
Copurification of Phn Polypeptides. Approximately 50% of the Phn polypeptide synthesized by strain HO2735 Δphn/pMN1 (phnGHIJKLM) was found in the soluble fraction. To purify a Phn polypeptide-containing complex from an extract of HO2735/ pMN1, advantage was taken of the fact that the presence of a 17-kDa polypeptide, consistent with PhnG, was easily demonstrable due to its position after SDS-PAGE in a region with relatively few bands. After ion-exchange chromatography, fractions containing PhnG were pooled, concentrated by ammonium sulfate precipitation, and submitted to size-exclusion chromatography. Fractions were analyzed by SDS-PAGE, and, as shown in Fig. 2B , five polypeptides coeluted in identical relative amounts over the elution profile. A peak fraction was concentrated, and, following SDS-PAGE, polypeptides of seven bands were identified by MS/MS (Fig. 2C) . Each of the seven bands contained Phn polypeptide. PhnJ migrated as three distinct bands (Fig. 2C , lane 2, bands 2, 3 and 4), whereas PhnG (band 7), PhnH (band 6), PhnK (band 5), and PhnI (band 1) each migrated as a single band. No E. coli polypeptides other than Phn polypeptides were detected in bands 1-7. As the PhnL and PhnM polypeptides did not appear in the PhnGHIJK protein complex, a derivative of pMN1 (phnGHIJKLM) was prepared, pHO571, which was deleted for most of the phnL cistron as well as the entire phnM cistron. A PhnGHIJK protein complex similar to that described above was purified from strain HO2735 Δphn/pHO571 (phnGHIJK) (Fig. 2D, lane 1 and 2) . We therefore conclude that assembly of the PhnGHIJK protein complex does not require PhnL, PhnM, or any other phn gene product.
As an additional step in purification and characterization of the PhnGHIJK protein complex a variant of pHO571 (phnGHIJK), pHO575, was constructed. This plasmid contained a phnK variant allele specifying PhnK with a histidine-tail at the carboxy terminus. A PhnGHIJK protein complex could be readily isolated by Ni-chelate affinity chromatography as shown in Fig. 2D (lane 3) in comparison with the PhnGHIJK protein complex isolated from strain HO2735 harboring pMN1 (phnGHIJKLM) or pHO571 (phnGHIJK). As expected, histidine-tailed PhnK migrated at a position slightly above that of native PhnK.
The purity of the PhnGHIJK protein complex was examined by native-PAGE, Fig. 2E . A major molecular form is apparent (band 2) as well as three minor forms located below the major form (band 3, 4, and 5). In addition, several minor forms were located above the major form. Five bands were submitted to MS/MS analysis (Fig. 2E) . With the exception of the lower band 5, bands 1 to 4 all contained PhnG, PhnH, PhnI, PhnJ, and PhnK. Band 5 contained the same polypeptides except PhnK, which was absent. The existence of multiple bands containing five Phn polypeptides suggests some heterogeneity among one or more of the Phn polypeptides.
Cross-Linking of Phn Polypeptides. Purified PhnGHIJK protein complex was incubated with the cross-linker glutaraldehyde and the result was analyzed by SDS-PAGE (Fig. 2F) . PhnI, PhnJ, and PhnK quickly disappeared, whereas PhnG only sluggishly disappeared, and PhnH was left untouched by the cross-linker. Stoichiometry of the PhnGHIJK Protein Complex. The intensity of the Coomassie Brilliant Blue-stained polypeptide bands was estimated with Quantity One software (BioRad). The relative intensity of the staining of the various bands in a typical lane (Fig. 2B ) was: PhnI, 36%; PhnJ (major form), 26%; PhnK, 8%; PhnH, 13%; and PhnG, 17%. With the assumption of the presence of a single copy of PhnK, with the use of the molecular mass of the deduced amino acid sequence of Phn polypeptides and with the use of a molecular mass of the protein complex of 260 kDa the most likely quaternary structure was calculated as PhnG 4 H 2 I 2 J 2 K, which has an apparent molecular mass of 280 kDa.
Expression of Individually Cloned phnG, phnH, phnI, phnJ, and phnK
Genes. Each of the phn cistrons phnG, phnH, phnI, phnJ, and phnK was cloned in an expression vector as alleles, which specify gene products with histidine-tails at the carboxy terminus as described in Methods. Attempts to isolate Phn polypeptide from strain HO2735 (Δphn) harboring any of these five plasmids revealed that only PhnH could be obtained in soluble form, whereas PhnG, PhnI, PhnJ, and PhnK could be demonstrated in the insoluble fraction following cell homogenization and centrifugation. PhnH was cross-linked by glutaraldehyde, Fig 
Attempts to Demonstrate Enzymatic Activity of the PhnGHIJK Protein
Complex. We employed a number of Pn catabolic pathway intermediates, which accumulate in E. coli phnJ or phnP mutants, as potential substrates for the PhnGHIJK complex. The compounds were isolated in radiolabeled form after cultivating cells in the presence of 32 P i and unlabeled methylphosphonate (22) . Additionally, we employed the fluorescent compound 3-(5-(dimethylamino)naphthalene-1-sulfonamido)propylphosphonic acid (23 , or Zn 2þ was tested. The reducing compounds NADH or NADPH were also included. Conversion of the substrates was followed by TLC with the solvent systems previously described (23, 24) . Although not all of the possible permuted combinations of substrate, cosubstrate, energizer molecule, and divalent cation were tested with the purified PhnGHIJK protein complex, we were unable to demonstrate any conversion of the substrates. The presence of DTT during protein complex purification had no effect. We conclude, therefore, that the complex under the tested conditions is catalytically incompetent and that catalysis needs additional low-molecular weight cofactor(s) or polypeptide(s).
Phn Protein Complexes Specified by phn Deletions. Each of the phnGHIJK cistrons of pHO571 (phnGHIJK) was deleted individually as described in Methods. The ΔphnG, ΔphnH, ΔphnI, and ΔphnJ alleles were in-frame deletions. Expression of the various phn cistrons of these five plasmid constructions was first analyzed. The data of Fig. 4A show that in general strain HO2735 (Δphn) harboring a plasmid with a phn deletion synthesized the products of the four other cistrons [i.e., strain HO2735 (Δphn)/pFM32 (phnGΔHIJK) synthesized PhnG, PhnI, PhnJ, and PhnK, but not PhnH, whereas HO2735/pFM33 (phnGHΔIJK) synthesized PhnG, PhnH, PhnJ, and PhnK, but not PhnI; HO2735/pFM34 (phnGHIΔJK) synthesized PhnG, PhnH, PhnI, and PhnK, but any at all of phn-specified polypeptide could be detected by SDS-PAGE. Three additional clones, which appeared in the transformation together with pFM31, were also analyzed. The pattern of synthesis of Phn polypeptides of these three additional clones was identical to that of pFM31. Isolation of plasmid DNA of strain HO2735 harboring pFM31 (phnΔGHIJK), pFM32 (phnGΔHIJK), pFM33 (phnGHΔIJK), pFM34 (phnGHIΔJK), or pHO572 (phnGHIJΔK) revealed identical plasmid DNA content in the five strains, and, thus, the pattern of synthesis of Phn polypeptides in the strain harboring pFM31 could not be attributed to a low copy number. Attempts to purify Phn protein complex from the phnH, phnI, phnJ, and phnK deletion strains described above were conducted by the same procedure as that described for the PhnGHIJK protein complex; i.e., ion-exchange chromatography followed by size-exclusion chromatography. In the absence of phnK a PhnGHIJ protein complex was found. Size-exclusion chromatography revealed a molecular mass of approximately 210 kDa (retention time 20.52 min) consistent with the loss of one or two copies of PhnK polypeptide. In contrast, the absence of phnH resulted in formation of a PhnGI protein complex of molecular mass of approximately 120 kDa (retention time 27.41 min). This value is consistent with a PhnG 2 I 2 heterotetramer. SDS-PAGE analysis of PhnGHIJ and PhnGI protein complexes in comparison with PhnGHIJK protein complex is shown in Fig. 4B . Cross-linking of PhnGI protein complex resulted in the rapid formation of a PhnI-dimer of molecular mass 84 kDa (Fig. 4C, lanes 5-7, band a) , whereas the PhnG polypeptide only sluggishly if at all reacted as described above for the PhnG polypeptide of the PhnGHIJK protein complex. PhnGHIJ and PhnGI protein complexes were submitted to native-PAGE (Fig. 4D) . The PhnGHIJ protein complex revealed two bands at approximately the same position as the two lower bands of the PhnGHIJK protein complex as well as a number of bands located above these. The three bands, which were analyzed by MS/MS, each contained PhnG, PhnH, PhnI, and PhnJ. Two bands of the lane containing PhnGI protein complex were also analyzed by MS/MS. Indeed, one of these bands consisted of PhnG and PhnI polypeptides (Fig. 4D, lane 3, band 5) , whereas the other consisted of elongation factor G (band 4).
Phn protein complex could not be detected in extracts of strain HO2735 containing pFM31 (phnΔGHIJK), pFM33 (phnGHΔIJK) or pFM34 (phnGHIΔJK). With extracts of strain HO2735/ pFM33 and HO2735/pFM34 the PhnG polypeptide could be identified by SDS-PAGE following ion-exchange chromatography. However, after size-exclusion chromatography of the pooled fractions there was no coelution of PhnG with other Phn polypeptides. With strain HO2735/pFM31 the Phn polypeptide content was so low that we were unable to detect coeluted Phn protein.
Discussion
We have isolated a soluble protein complex consisting of five polypeptides PhnG, PhnH, PhnI, PhnJ, and PhnK. Bacterial strains containing chromosomal knockout alleles of any of the cistrons phnG, phnH, phnI, phnJ, or phnK are Pn growth-deficient (4). In addition, bacterial strains lacking any of these five cistrons are unable to produce methane from methylphosphonate (7, 8) . We therefore conclude that the PhnGHIJK protein complex is essential for CP bond cleavage and Pn utilization. Although we have not yet been able to demonstrate a biochemical function of the PhnGHIJK protein complex, it is tempting to postulate that the complex constitutes CP lyase. The chemical structure of the substrate for CP lyase has not been determined, but it has been suggested to be 5-phosphoribosyl 1-phosphonate and the product has been suggested to be 5-phosphoribosyl 1,2-cyclic phosphate (15) . The putative substrate, 5-phosphoribosyl 1-phosphonate, is presently unavailable in sufficient amount and purity for enzymatic analysis. At any rate, it is plausible that PhnGHIJK comprises an enzyme complex. A suggested pathway for methylphosphonic acid catabolism is shown in Fig. 5 . It is based on a previously suggested pathway with the inclusion of an additional, still undiscovered reaction in the conversion of ribosyl 1,5-bisphosphate to 5-phosphoribosyl 1-phosphonate (15) . We suggest that the PhnGHIJK protein complex constitutes CP lyase, and that the complex catalyzes reaction i. The possibility also exists, however, that the protein complex catalyzes the reactions of the entire cycle apart from that catalyzed by phnP-specified phosphoribosyl cyclic phosphodiesterase (Fig. 5, reaction ii) . Formation of methane from methylphosphonate has been previously demonstrated in vitro and was found to be stimulated by ATP and NADH, although no intermediates were identified (25) .
A detailed study of the architecture of the PhnGHIJK protein complex has not yet been conducted, but certain conclusions may be drawn. The three-dimensional structure of PhnH has been de- termined, the quaternary structure being a homodimer (8) . PhnH is the only protein among PhnG, PhnH, PhnI, PhnJ, and PhnK, which is soluble when synthesized individually (i.e., in the absence of the other four polypeptides) in large amount in E. coli. It is therefore tempting to postulate that PhnH constitutes a scaffold on which the PhnGHIJK protein complex is assembled. Interestingly, the PhnH subunit of the PhnGHIJK protein complex was left untouched in cross-linking, whereas free PhnH readily reacted with the cross-linker reagent. This behavior suggests that the reactive amino acid residues of PhnH are inaccessible, when PhnH participates in the complex, whereas in a free PhnH dimer the reactive amino acid residues freely react. Thus, although protein complex-bound PhnH did not react in the cross-linking experiment, PhnH is clearly part of the protein complex, which is further substantiated by the demonstration of the presence of PhnH in the protein complexes analyzed by MS/MS following native-PAGE. When the phnH cistron was deleted a reduced PhnGI protein complex was formed, which demonstrates an interaction between PhnG and PhnI. The cross-linking experiment of PhnGHIJK protein complex indicated that a PhnGK heterodimer might be formed, suggesting interaction of these two polypeptides. By native-PAGE of the PhnGHIJK protein complex we discovered a small subfraction, which consisted of a PhnGHIJ protein complex; i.e., lacking PhnK. It is possible therefore that PhnK may be loosely associated to the other part of the protein complex, permitting the formation of a stable protein complex without PhnK. This is furthermore substantiated by isolation of a PhnGHIJ protein complex in a strain deleted for phnK. The phnK gene has been previously suggested to encode an ABC. ABCs bind to transmembrane transporters and, thus, provide energy for the transport process. How this apparent function of PhnK as a member of a transport system relates to that of the PhnGHIJK protein complex remains to be established. However, the possibility exists that PhnK serves to physically attach the PhnGHIJK complex to the Pn transport system, which may cause tight regulation or coupling of transport and catabolic reactions. Perhaps such a physical association of PhnGHIJK protein complex and Pn transporter is necessary to make the protein complex catalytically competent, which may explain the lack of demonstrable enzymatic activity of the soluble protein complex. If the PhnGHIJK protein complex, indeed, is CP lyase, and phnL encodes an ABC only phnM remains to have assigned a biochemical function to its product.
PhnJ consistently migrated as two or three polypeptide bands by SDS-PAGE. Repeatedly, the fastest migrating band was the most abundant, although some alteration of this distribution was seen. This electrophoretic pattern suggests that more than one posttranslational modification of PhnJ occurs. The structure of modified PhnJ remains to be established. This apparent heterogeneity of PhnJ may contribute to the formation of multiple PhnGHIJK bands observed in native-PAGE, although other possibilities exist such as side chain alteration. Heterogeneities of this type would not be revealed by size-exclusion chromatography.
There is a remarkable evolutionary conservation of PhnJ amino acid sequences compared to that of other Phn amino acid sequences. Thus, alignment of PhnJ of E. coli and Rhizobium meliloti reveals 68% identity (97% similarity), whereas for example for PhnH the values are 37% identity (73% similarity) (26) . Although PhnGHIJK polypeptides of the two organisms obviously share homologous functions, the value for similarity of PhnJ amino acid sequences indicates a special function of this polypeptide, for example as part of a catalytic mechanism.
Lack of phnG resulted in a completely different pattern of synthesis of Phn polypeptides, as phn specified polypeptides could be hardly detected, compared to the pattern of synthesis of Phn polypeptides generated by deletion of phnH, phnI, phnJ, or phnK. Consequently, the formation of a phn specified protein complex in the absence of PhnG remains unresolved.
The determined molecular mass of the PhnGHIJK protein complex (approximately 260 kDa) is sufficient to contain two or more copies of one or more of the five PhnGHIJK polypeptides as the expected molecular mass of a complex containing a single copy of each of the five polypeptides is 136 kDa. Assuming similar efficiency in staining of the five polypeptide bands by Coomassie Brilliant Blue a best estimate of the quaternary structure was PhnG 4 H 2 I 2 J 2 K. Interestingly, there is translational coupling between the open reading frames of phnG and phnH, of phnH and phnI, of phnI and phnJ, and of phnJ and phnK, whereas this is not the case with phnK and phnL (compare Fig. 1 ). This translational coupling may serve to maintain a correct molar relationship of the five polypeptides, and appears consistent with the presence of two copies of each of PhnH, PhnI, and PhnJ subunits, although there was a decrease in the number of polypeptides relative to the distance of the cistron from the promotor; i.e., four G subunits, two each of the H, I and J subunits and one K subunit.
In summary, our results shed light on a longstanding question concerning CP lyase: Why are so many gene products required to cleave a CP bond? A partial answer is that they constitute the components of a holoenzyme, the core of which is formed by PhnGHIJK. It remains to be seen if each component of this holoenzyme has an active site performing a distinct reaction related to and including CP bond cleavage, or whether there is a mix of scaffold, regulatory, and catalytic roles. Opportunities may now be available to perform structural studies and to reconstitute the CP lyase reaction in vitro with substrates isolated from cells or synthesized chemically (15) . (15) . Reactions: i, CP lyase, presumably identical the PhnGHIJK protein complex; ii, phnP specified phosphoribosyl cyclic phosphodiesterase. Reactions iii and iv have not yet been defined. Both of these may be exchange reactions involving an unidentified cosubstrate, x. Omitted from the scheme is the reaction catalyzed by phnN-specified ribosyl 1,5-bisphosphate phosphokinase, which may serve to initiate the reaction cycle by supplying ribosyl 1,5-bisphosphate (intermediate c
centrifugation in a Sorvall SS-34 rotor at 10,000 rpm for 10 min to obtain a cleared lysate.
DNA Technology. A DNA fragment containing the phnG-M genes was amplified by PCR with the oligodeoxyribonucleotides GupMN and Mdw (SI Text) as primers, chromosomal DNA of strain HO1429 as the template, the four deoxyribonucleoside triphosphates, and the Long PCR Enzyme Mix (Fermentas). The resulting PCR product was restricted by EcoRI and HindIII, and the liberated 5,647-bp DNA fragment was ligated to similarly restricted DNA of pUHE23-2 to generate pMN1. Sequencing of the insert of pMN1 revealed five nucleotide alterations (SI Text). Other procedures for manipulation of DNA were used (SI Text). Plasmids containing deletions of phnG, phnH, phnI, phnJ, phnK, and phnLM as well as plasmids containing phn alleles specifying histidine-tailed Phn polypeptides were also constructed (SI Text).
Protein Methods. Standard procedures were used for PAGE (SI Text
Note. The nucleotide sequence straddling the fusion point of the ΔphnG allele of pFM31 was CCGCGAACGGTCGCGG. Transcription of this sequence might result in the formation of an mRNA stem-loop structure, which contains five guanylate-cytidylate pairs. Such a stem-loop structure may severely affect translation of the ΔphnG allele as well as all the downstream cistrons, phnH, phnI, phnJ, and phnK, thus explaining the poor yield of Phn polypeptide of strain HO2735/pFM31 (28). ] is a Pn growth-proficient E. coli K-12 derivative (1). The phnE allele of HO1429 was amplified by PCR, sequenced and shown to have lost the 8-bp duplication of E. coli K-12 phnE− (EcoK − ). The strains HO1087 (araD139 Δ(ara-leu) 7696 galE15 galK16 Δ(lac)C74 rpsL hsdR2
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) (Agilent Technologies) were used as recipient strains in transformation of ligated DNA. Growth medium was NZY broth (3) or LB. Tetracycline and ampicillin were added to 10 and 100 mg∕L, respectively.
DNA Technology. Commercial procedures were used for the isolation of chromosomal (DNeasy, Qiagen) and plasmid DNA (Qiaprep, Qiagen, or Nucleospin, Macherey-Nagel). Restriction endonucleases and T4 DNA ligase were purchased from New England Biolabs. Nucleotide sequencing was purchased at Eurofins MWG Operon or at Robarts Research Institute. Transformation was performed as previously described (4) . Plasmid DNA for digestion by restriction endonuclease SexAI was propagated in strain FM3392 (dcm-6/F lacI q zzf∷Tn10). This strain was constructed by conjugation of recipient strain GM119 (dcm-6) (5) (purchased at the Coli Genetic Stock Center, Yale University) with donor strain HO1088 (Δprs/F lacI q zzf∷Tn10) by selection for Prs þ Tet r (2) . Oligodeoxyribonucleotides for PCR amplification of phnG-M were 5′-AGAATTCATTAAAGAGGAGAAAT-TAACTATGCACGCAGATACCGCGACCC-3′ (GupMN) and 5′-GGAAGCTTGCATGCTTATTAGAACACCCTTTTACCC-TGACGCC-3′ (Mdw). Recognition sites for the restriction endonuclease EcoRI and HindIII are underlined and nucleotides specifying the translation initiating codon of phnG and the translation stop codons of phnM are italicized. Sequencing of the insert of pMN1 revealed the following alterations. In phnH codon 152 was changed from CAG (Gln) to CGG (Arg), whereas in phnI codon 322 was changed from GCC (Ala) to GTC (Val), and in phnK codon 208 was changed from GTC (Val) to GCC (Ala). Finally, in phnM codon 107 was changed from CGG (Arg) to TGG (Trp) and codon 363 was changed from AAT to AAC, both of which specify asparagine.
The phnL and phnM cistrons were deleted from pMN1 by restriction with BstEII and HindIII, followed by incubation with Mung Bean nuclease to create blunt ends. Ligation resulted in pHO571 (phnGHIJK), which retained 228 bp of the phnL open reading frame. The phnK, phnL, and phnM cistrons were removed by partial BssHII-restriction of pMN1 DNA followed by HindIII, Mung Bean nuclease and ligation to generate pHO572, which retained 152 bp of the phnK open reading frame. To delete phnG, phnH, phnI, or phnJ overlap extension PCR was employed with DNA of pMN1 as the template, the four deoxyribonucleoside triphosphates and Hercules II Fusion DNA polymerase (Agilent Technologies) (6) . In each case an in-frame deletion was created, as seven codons of the upstream end and seven codons of the downstream end of a phn open reading frame were fused. The nucleotide sequence of all the deletion-containing plasmids was determined and found to have the expected sequence as compared to that of pMN1. With phnG as an example, an upstream 190-bp primary PCR product was produced with the oligodeoxyribonucleotides 5′-TAGGCGTATCACGAGGCCCTTTCG-3′ (UHE) and 5′-TCATGCGTTGTCTCCGCGAACGGTCGCGG-TATCTGCGTGCATAG-3′ (nucleotides complementary to the first seven codons of the phnG coding strand are shown in bold, whereas nucleotides complementary to the terminal seven codons are italicized). A downstream primary 1,252-bp PCR fragment was produced with the oligodeoxyribonucleotides 5′-ATGCAC-GCAGATACCGCGACCGTTCGCGGAGACAACGCATGAC-3′ (nucleotides identical to the first seven codons of the phnG coding strand are shown in bold, whereas nucleotides complementary to the terminal seven codons are italicized) and 5′-GGAG-TAGGCCAGCGCCAGCAAATAGC-3′ (I), which anneals to phnI. These two PCR fragments were then used as template for a second round of PCR with the oligodeoxyribonucleotides UHE and I as the primers. The resulting 1,400-bp DNA fragment was digested by restriction endonucleases EcoRI and SacII, liberating a 512-bp DNA fragment, which was ligated to similarly digested DNA of pHO571 to generate pFM31 (ΔphnG phnH phnI phnJ phnK). To delete phnH the primary PCR products were prepared with the oligodeoxyribonucleotides UHE and 5′-TCAGCACAC-CTCCACATGAGTAAAAGCGGTTTCCAGGGTCATG-3′, and with 5′-ATGACCCTGGAAACCGCTTTTACTCATGTGGAGG-TGTGCTGATG-3′ and I, respectively. The secondary 1,268-bp PCR product was prepared with the oligodeoxyribonucleotides UHE and I. Restriction with EcoRI and PsiI liberated an 838-bp DNA fragment, which was ligated to similarly restricted DNA of pHO571 to generate pFM32 (phnG ΔphnH phnI phnJ phnK). To delete phnI, the primary PCR products were prepared with the oligodeoxyribonucleotides 5′-CGATATCGTCAACCAGAGCC-TGC-3′ (H), which anneals to the phnH gene, and 5′-TTAGCCA-TGGTTCTGCTCCTGCCCTTTCACGGCAACGTACATC-3′, and with 5′-ATGTACGTTGCCGTGAAAGGGCAGGAGCAGAAC-CATGGCTAATC-3′ and 5′-GCTTCATCACCAGCAAACGGT-CCGCCAGCAGG-3′ (K2), which anneals to phnK, respectively. The secondary 1,912-bp PCR fragment, generated with the oligodeoxyribonucleotides H and K2 as the primers, was restricted by SacII and BsaBI, liberating a 525-bp DNA fragment, which was ligated to similarly restricted DNA of pHO571 resulting in pFM33 (phnG phnH ΔphnI phnJ phnK). Finally, the phnJ gene was deleted by using in the two primary PCR the oligodeoxyribonucleotides H and 5′-TCATTGGTTTTTTGCCTCGCTG-TAGCCGCTCAGATTAGCCATG-3′, and 5′-ATGGCTAATCT-GAGCGGCTACAGCGAGGCAAAAAACCAATGAATC-3′ and K2, respectively. The secondary 2,131-bp PCR product, generated with the oligodeoxyribonucleotides H and K2 as primers, was restricted with PsiI and SexAI, liberating a 1,245-bp DNA fragment, which was ligated to similarly digested DNA of pHO571 resulting in pFM34 (phnG phnH phnI ΔphnJ phnK).
A plasmid containing phnG phnH phnI phnJ as well as a phnK allele specifying a six-histidine-tail at the carboxy terminus of PhnK was constructed as follows. A plasmid-borne phnK allele specifying histidine-tailed PhnK has been constructed previously, pHO516 (7) . DNA of pHO516 and of pHO571, both of which are pUHE23-2 derivatives, was digested by restriction endonucleases EcoRI and SexAI and ligated. The effect of this treatment was to replace a 498-bp EcoRI-SexAI DNA fragment containing the upstream end of phnK of pHO516 with a 3430-bp EcoRI-Sex-AI DNA fragment containing phnG, phnH, phnI, phnJ, and the upstream end of phnK of pHO571, which generated pHO575. The nucleotide sequences of the phn operons of pHO571 and pHO575, thus, are identical except for the additional 18 nucleotides, which specify the six histidine-codons of phnK of pHO575.
Mutant alleles of phnG, phnH, phnI, and phnJ specifying gene products with histidine-tails at the carboxy terminus were constructed by PCR with DNA of strain HO1429 as template, the four deoxyribonucleoside triphosphates, Vent DNA polymerase (New England Biolabs) and the pairs of oligodeoxyribonucleotides as primers described below. AUG translation initiation and UAA translation stop codon-specifying sequences are shown in bold. For phnG the primers were 5′-GGAAGGATCC-GAATTCATTAAAGAGGAGAAATTAACTATGCACGCAGA-TACCGCGACCCGCCAGCACTGGATGTCCG-3′ and 5′-TGGTTGGGATCCCGAGCCATGGTTATTAATGGTGATGG-TGATGGTGTGCGTTGTCTCCGCGAACCATCGTAAAGA-AGTCGACCC-3′, whereas for phnH the primers were 5′-GG-AAGGATCCGAATTCATTAAAGAGGAGAAATTAACTATG-ACCCTGGAAACCGCTTTTATGCTTCCCGTGCAGG-3′ and 5′-TGGTTGGGATCCCGAGCCATGGTTATTAATGGTGATG-GTGATGGTGGCACACCTCCACATGAGTGGTTCGCGGA-ATAGCCAGC-3′, for phnI the primers were 5′-GGAAGGA-TCCGAATTCATTAAAGAGGAGAAATTAACTATGTACGTT-GCCGTGAAAGGGGGCGAGAAGGCGATCG-3′ and 5′-TGGTTGGGATCCCGAGCCATGGTTATTAATGGTGATGG-TGATGGTGGCCATGATTCTGCTCCTGTTGCAGACGTTT-GAGTAGCTCCAGTTCGGCCTGG-3′ and for phnJ the primers were 5′-GGAAGGATCCGAATTCATTAAAGAGGAGAAAT-TAACTATGGCTAATCTGAGCGGCTACAACTTTGCCTACC-TCG-3′ and 5′-TGGTTGGGATGCATGCCCATGGTTATTAA-TGGTGATGGTGATGGTGTTGGTTTTTTGCCTCGCTCTG-TTGGCGGCAATAATCGG-3′. Each PCR product was digested by restriction endonuclease EcoRI and NcoI (recognition sites shown in italics above) and ligated to similarly digested DNA of pUHE23-2. The inserts of the plasmids obtained were sequenced and found to have the expected nucleotide sequences and specifically they all contained six histidine-codons immediately preceding the translation stop codon-encoding sequence. The plasmid constructs were pHO515 (phnH), pHO517 (phnI), pHO519 (phnJ) and pHO524 (phnG). The construction of pHO516 harboring a phnK allele specifying histidine-tailed PhnK has been described before (7) .
Protein Methods. SDS-PAGE was performed as previously described with 10% total monomer concentration. The LMW-SDS Marker Kit (G.E. Healthcare) was used as molecular mass standard. For native-PAGE the same procedure was used, except that SDS was omitted, the total monomer concentration was 7.5% and electrophoresis was performed at 4°C (8) . Concentration of protein was achieved by the addition of ammonium sulfate to 50% saturation, followed by incubation with stirring at 4°C for 1 h and centrifugation in a Sorvall SS-34 rotor at 10,000 rpm for 10 min. Alternatively a protein solution was loaded on a Vivaspin 6 column with a molecular mass cut off range of 100 kDa (Sartorius Stedim Biotech) and centrifuged at a relative centrifugal force of 3;000 × g to allow appropriate concentration. For certain analytical analyses a protein sample was mixed with one fifth volume of 60% trichloroacetic acid, left in the cold overnight and centrifuged to recover the precipitate. Purification of PhnGHIJK, PhnGHIJ and PhnGI protein complexes was performed a 4°C as follows. To 10 mL of a sonicated, cleared lysate 1.2 mL of 10% (w∕v) of streptomycin sulfate in 50 mM Tris/HCl pH 8.0, 1 mM EDTA was added. The solution was stirred for 30 min, centrifuged in a Sorvall SS-34 rotor at 10,000 rpm for 30 min. The supernatant fluid was applied to a Q Sepharose Fast Flow column (1.6 × 7 cm) attached to an Äkta Prime Plus platform (GE Healthcare). The column had been previously equilibrated with 50 mM Tris/HCl, pH 7.5 and after washing with the same buffer protein was eluted with a linear gradient from 0 to 1 M sodium chloride at a flow rate of 1.2 mL∕ min. Fractions were analyzed by SDS-PAGE. Appropriate fractions were pooled, concentrated by ammonium sulfate precipitation and redissolved in 0.5 mL of 50 mM Tris/HCl, pH 8.0, 150 mM sodium chloride and applied to a Sephacryl S300 column (1.6 × 39 cm) (GE Healthcare) equilibrated with the same buffer. Protein was eluted isocratically at a flow rate of 1 mL∕ min. Fractions of 2 mL were collected and analyzed by SDS-PAGE. Histidine-tailed protein was purified by affinity chromatography: a sonicated, cleared lysate was adjusted to 0.5 M sodium chloride and loaded on a Histrap FF crude column (1 mL, GE Healthcare) equilibrated with the same buffer and attached to an Äkta Prime Plus platform. After wash with 50 mM Tris/HCl, pH 8.0, 0.5 M sodium chloride, protein was eluted with a linear gradient of imidazole from 0 to 0.4 M at a flow rate of 1 mL∕ min. Size exclusion chromatography for molecular mass determination was performed with a Superdex 200 10∕300 GL column (GE Healthcare) attached to an Äkta Purifier platform at a flow rate of 0.5 mL∕ min. Molecular mass standards were conalbumin (75 kDa, retention time 29.41 min), aldolase (158 kDa, retention time 26.35 min) and ferritin (440 kDa, retention time 21.95 min.)
Cross-linking was performed by the addition of glutaraldehyde (Sigma-Aldrich) to approximately 25 mM. Reactions were incubated at room temperature, samples were removed at intervals and reactions terminated with SDS-PAGE loading solution.
Protein identification analyses were purchased at the Mass Spectrometry Core Facility, Department of Molecular Biology, Aarhus University. Bands of interest were excised from Coomassie Brilliant Blue stained SDS-or native-polyacrylamide gels, cut in small cubes, and washed in water. The gel pieces were then incubated in acetonitrile, rehydrated in 0.1 M ammonium bicarbonate and swelled in 50 mM ammonium bicarbonate containing trypsin (25 g∕L) before ammonium bicarbonate was added to cover the pieces. Digestion was performed at 37°C for approximately 16 h at which time peptides were analyzed by nano LC-MS/MS using a Micromass Q-TOF Ultima API mass spectrometer (Waters) connected to a Proxeon nanoLC system. The collected data was processed using MassLynx V4.0 and generated peak lists from all MS/MS spectra were used to query the SwissProt database using an in-house Mascot search engine (version 2.2.06, Matrix Science) (9) .
